Group size is a key component of sociality and can affect individual health and fitness. However, proximate links explaining this relationship remain poorly understood, partly because previous studies neglected potential confounding effects of ecological factors. Here, we correlated group size with various measures of health while controlling for measures of seasonality and habitat quality, to explore trade-offs related to group living in a mainly folivorous primate-Verreaux's sifakas (Propithecus verreauxi). Over a course of 2 years, we studied 42 individuals of 7 differently sized groups (range 2-10) and combined measures of faecal glucocorticoid metabolites (n > 2300 samples), parasitism (n > 500 samples), ranging and activity patterns, together with estimates of habitat quality (measures of~7000 feeding trees). None of our measures was correlated with group size, while seasonality, but not habitat quality, impacted almost all examined variables. We conclude that group size alone might be insufficient to explain patterns in the sociality-health nexus or that the small range of group sizes in this species does not induce effects suggested for species living in larger groups. An optimal group size balancing the advantages and disadvantages of living in differently sized groups may not exist for Verreaux's sifakas. Our results do not support predictions of the ecological constraints hypothesis or the optimal group size hypothesis as they may only account for species limited in group size by ecological factors-a condition that may not apply to the majority of folivorous mammals, which seem to be limited by social factors. Significance statement Group size is a key component of group living and can crucially impact individual health. Ecological variables may modulate this relationship, but they were often neglected in previous studies. To better understand the links between sociality and health, we, for the first time in a mammal, simultaneously examined variation in ranging patterns, daily activities, glucocorticoid concentrations, and parasitism as a function of group size and under consideration of measures of seasonality and habitat quality in wild Verreaux's sifakas (Propithecus verreauxi). Group size had no impact on individual health indicators, while seasonal variation in food availability and temperature differences, but not habitat quality, affected the majority of variables. We demonstrate strong impacts of environmental factors on socio-ecological traits and conclude that group size on its own might be insufficient to explain patterns in the sociality-health nexus.
Introduction
Group size has been identified as one key aspect of sociality that influences an individuals' condition and health Borries et al. 2008; Markham et al. 2015; Ezenwa et al. 2016 ). According to the ecological constraints hypothesis, feeding competition, parasite infestations, and energy expenditure should be higher in larger groups, whereas smaller groups face higher per capita predation risk and disadvantages during competitive encounters with larger groups (Wrangham et al. 1993; Chapman and Chapman 2000 , but see Koch et al. 2016) . The optimal group size hypothesis posits that intermediate-sized groups represent a balance between the tendency to aggregate to increase predator safety and the tendency for large groups to fission as a consequence of increased food competition (Terborgh and Janson 1986 ). Thus, in order to optimize the consequences of group size variation, there should be selection for intermediate-sized or "optimal" group size in which individuals carry the lowest costs of group living and, therefore, ought to be healthiest and fittest (Chapman and Chapman 2000 ). Yet, intra-specific group size variation persists, but the proximate links between group size and health remain poorly understood.
One important link between sociality and health is the physiological stress response. Stressors are uncontrollable stimuli derived from extrinsic and intrinsic sources that trigger a reaction of the vertebrate hypothalamic-pituitary-adrenal (HPA) axis leading to the secretion of glucocorticoids (GCs) (Adkins-Regan 2005; Koolhaas et al. 2011) . GCs are mainly responsible for the regulation of metabolic functions (Sapolsky et al. 2000; Beehner and Bergman 2017) , in particular, mediating energy homeostasis during energetically demanding periods (Romero et al. 2009 ) and energetically costly behaviours, like locomotion (Dunn et al. 2013) . When individuals enter a state of "stress", a rise of GC secretions initiates various behavioural and physiological changes to cope with the challenge (Busch and Hayward 2009 ), affecting individuals' immune functions and, therefore, ultimately also their health (Sapolsky et al. 2000; McEwen and Wingfield 2003; Busch and Hayward 2009) .
Studies on group size effects on glucocorticoid output yielded a heterogeneous pattern across taxa, including primates, rodents, ungulates, and birds. While the majority of studies found a positive correlation between GC secretion and group size (Foley et al. 2001; Raouf et al. 2006; Dantzer et al. 2013; Dettmer et al. 2014) , there were also studies reporting opposite findings (Michelena et al. 2012; Blondel et al. 2016) , or no link (Snaith et al. 2008; Ebensperger et al. 2011) . In principle, both, larger and smaller groups inflict energetic costs on individuals based on resource competition and predation risks (Chapman and Chapman 2000) , which in turn may cause elevated GC concentrations. Hence, individuals in groups of intermediate or "optimal" sizes may face decreased energetic constraints and exhibit the lowest GC concentrations. However, only two studies, in ring-tailed lemurs (Lemur catta) and yellow baboons (Papio cynocephalus), found optimal group size effects in GCs (Pride 2005; Markham et al. 2015) . The absence of such U-shaped correlations between group size and GCs in other prior investigations might be caused by biases towards studying larger groups (Markham et al. 2015) . Hence, a lack of studies taking a species' full range of group sizes into account might be one explanation for the ambiguous GC patterns found across the literature. Nevertheless, group size-related benefits and costs for social animals are complex and numerous other factors are involved in shaping the relationship between group size and health.
First, the facilitated transmission of parasites and other pathogens constitutes one of the major costs of group living (Côté and Poulin 1995; Altizer et al. 2003; Kappeler et al. 2015; Müller-Klein et al. 2018) . Several meta-analyses revealed that group size and parasite transmissions are generally positively correlated, but their relationship turns out to be rather variable and complex Rifkin et al. 2012; Patterson and Ruckstuhl 2013) . This complexity is amplified by the interplay of parasites with GC secretion.
GCs can have suppressing effects on host immune function, which may lead to increased susceptibility to pathogens (Norbiato et al. 1997; Elenkov and Chrousos 1999; Turnbull and Rivier 1999) . For instance, social stress in wild large vesper mice (Calomys callosus) caused not only elevated GC levels, but also an impaired immune response and increased blood infections with Trypanosoma cruzi (Santos et al. 2008) . However, the relationship between GCs and parasites seems to be reciprocal as, for example, infections with Anguillicola novaezelandiae in European eels (Anguilla anguilla) positively affected individual cortisol levels (Dangel et al. 2014) . Positive associations between GCs and parasite richness were also found in chimpanzees (Pan troglodytes), red colobus (Piliocolobus tephrosceles), and black howler monkeys (Alouatta pigra) (Chapman et al. 2006; Muehlenbein 2006; Martinez-Mota 2015) . The multidirectional relationships between social parasite transmission and GCs emphasize the strong link between sociality and health.
Second, local variation in ecological factors, either as a function of variation in habitat quality or seasonal variation in resource availability, may impact group size effects on behavioural and physiological response variables. An implicit, but crucial assumption underlying most previous tests of the ecological constraints hypothesis is that the habitats of different groups do not differ in structure or quality. However, small-scale habitat features, like the distribution of food patches, can affect carrying capacities of home ranges and, therefore, influence population densities and group sizes (Marsh 1981; Iwamoto and Dunbar 1983; McLean et al. 2016; Strandburg-Peshkin et al. 2017) . For example, mantled guerezas (Colobus guereza) formed larger groups when habitats provided more food trees (Dunbar 1987) . Larger prides in lions (Panthera leo) were more likely to occupy territories of better quality, measured via six different landscape variables (Mosser and Packer 2009) , and badger (Meles meles) group sizes increased with the quality of food patches (Kruuk and Parish 1982) . Thus, significant local habitat heterogeneity might have important implications for species' group sizes.
Here, we provide a comprehensive test of the ecological constraints and optimal group size hypotheses by examining behavioural and physiological consequences of group size variation in a wild lemur population, Verreaux's sifakas (Propithecus verreauxi). These endemic Malagasy primates usually live in multimale-multifemale groups, even though groups can also comprise only single males and/or females. Their groups are comparably small, ranging from 2 to 12 individuals with a mean group size of 6, yet, like other primates (Majolo et al. 2008) , they exhibit up to 5-fold variation in size (Jolly et al. 1982; Kappeler and Fichtel 2012; Sussman et al. 2012; Leimberger and Lewis 2015) . Over a course of 2 years, we assessed ranging, activity, and dietary patterns of seven adjacent groups. Additionally, we measured individual levels of faecal glucocorticoid metabolites (fGCMs) and examined individual parasite richness. Intestinal parasite richness seems to be generally low in Verreaux's sifakas (Muehlenbein et al. 2003; Rasambainarivo et al. 2014; Springer and Kappeler 2016) . However, here we apply a metabarcoding approach to assess infestations of intestinal helminths using nextgeneration sequencing of 18S rRNA genes (Hadziavdic et al. 2014) . Metabarcoding might be superior to previous methods, like microscopy, when assessing non-invasive parasite infestations as it allows for identification of a wide range of taxa of all life stages (i.e. eggs, larvae, and worms) and can recognize cryptic species (Aivelo and Medlar 2017) .
To our knowledge, this is the first study in a mammal to simultaneously examine variation in ranging behaviour, daily activities, glucocorticoid metabolite levels, and parasitism as a function of group size while accounting for ecological stressors, namely food availability and average daily temperature differences. We expected to find one of two patterns in relation to group size: Either mean daily travel distances, home range sizes, parasite richness, and faecal GC metabolite concentrations should increase linearly with group size, according to predictions of the ecological constraints hypothesis, or these variables should follow a U-shaped pattern if groups of intermediate size are favoured, according to predictions of the optimal group size hypothesis. In case we should find heterogeneity among group habitats, we expect larger groups to inhabit areas with better quality, which should result in lower daily travel distances, foraging durations, and fGCMs for the respective groups.
Materials and methods

Study site
This study was conducted at the research station of the German Primate Center in Kirindy Forest, Western Madagascar (44°39′ E, 20°03′ S) from April 2016 to March 2018. Kirindy Forest is a protected dry deciduous forest and subject to pronounced seasonality, with a long, cool dry season (April to October) and a hot wet season (November to March) (Kappeler and Fichtel 2012) .
Study species
We observed a total of 42 Verreaux's sifakas living in 7 adjacent groups ranging in size from 2 to 10 individuals, covering a broad range of group sizes found in this species with a maximum range of 1 to 12 individuals (Jolly et al. 1982; Sussman et al. 2012; Leimberger and Lewis 2015) (Table 1 ). Verreaux's sifakas are diurnal and arboreal primates with a mainly folivorous diet, but they exhibit pronounced seasonal dietary flexibility (Koch et al. 2017) . They inhabit home ranges that remain stable over many years and partially overlap with those of neighbouring groups, but also include core areas of exclusive use (Benadi et al. 2008; Koch et al. 2016) . All animals are habituated to human observers and individually marked with unique collars.
Behavioural observations
Focal animal sampling was carried out on all members of the 7 study groups, including adults and juveniles (> 9 months). Observations of 1 h per individual were conducted in an alternating order for 3 h in the morning and 3 h in the afternoon, resulting in a total of 1812 h of behavioural data. We continuously recorded all activities (social and non-social) as well as the identity of feeding plants and parts. As our study involved focal animal observations, it was not possible to record data blind.
GPS data collection
For assessing ranging patterns, one adult male per group was equipped with a GPS collar (e-obs, Grünwald, Germany) during annual captures (for details see Kappeler and Fichtel 2012) . All collars were set to record GPS coordinates every 30 min between 04:00 and 20:00 h local time. As sifakas remain stationary on their sleeping tree during the night (Erkert and Kappeler 2004 ), we did not collect GPS locations between 20:00 and 04:00 h (Koch et al. 2016 ). On average, we recorded GPS data for 651 days with a mean of 21400 GPS locations per group (Table 1) . For estimating home range sizes and core areas, we used monthly 95% and 50% fixed kernels using the adehabitatHR package (Calenge 2006) in R (R Version 3.4.4, R Core Team 2018). Daily travel distances (DTD) were calculated using the points-to-path plugin in Quantum GIS (QGIS Development Team 2018).
Faecal sample collection and analyses
During behavioural observations, fresh faecal samples, uncontaminated by urine, were collected within 3 min after defecation from the forest floor whenever they could be unequivocally assigned to an individual. Samples were collected weekly from all study animals except for dependent offspring.
Hormone analyses
Faecal samples for glucocorticoid metabolite (fGCM) analysis were collected in the morning between 07:00 and11:00 h (n = 2329) and placed in 15-ml polypropylene tubes (Sarstedt, Nümbrecht, Germany) containing 5 ml of 80% ethanol. fGCM concentrations were determined upon subsequent extraction by using a validated enzyme immunoassay (EIA), measuring 5ß-reduced cortisol metabolites (Fichtel et al. 2007 ) (for details see Online Resource 1).
Parasite analyses
A total of 520 faecal samples were collected during four periods (April-May 2016/2017 and September-October 2016/2017). We collected up to four samples (Ø 3.9) per period from each study animal. Samples were stored in 2-ml polypropylene tubes containing 1 ml RNAlater (Thermo Fisher Scientific, Waltham, MA, USA) at ambient temperature. After 24 h, when RNAlater had completely soaked the faeces, samples were stored in a freezer at − 20°C and remained frozen throughout shipping to Germany, where further analysis ensued.
Extraction of DNA, amplification, and sequencing of 18S rRNA genes We conducted DNA extraction with the PowerSoil DNA isolation kit (MoBio, Carlsbad, Canada). PCR reactions to generate eukaryotic 18S rRNA gene amplicons were performed in triplicates for each sample, then pooled in equimolar amounts and cleaned. Afterwards, we conducted dualindexed paired-end sequencing with the Illumina MiSeq platform and v3 chemistry (for details see Online Resource 1).
18S rRNA gene amplicon analyses Amplicon sequence variants (ASVs) were generated with VSEARCH version 2.9.1. We removed chimeric sequences with VSEARCH using UCHIME3 in de novo (-uchime3_denovo ) and reference (- *As group M was a new group, marked and added to the study population in October 2016, we could not accurately assign individuals' ages. However, based on visual signs, including male chest stains, body size, behaviour, and the presence of an infant, we inferred the age of two males and one female to be above 4 years, while one female was estimated to be 3-4 years of age uchime_ref) mode against the PR 2 database (version 4.11.0) (Guillou et al. 2013 ). The following steps were conducted with the package ampvis2 (version 2.3.19) (Skytte et al. 2018) in R (version 3.4.4) (R Core Team 2018). We performed sample comparisons at the same surveying effort, using the lowest number of sequences by subsampling (2600 reads per sample). Additionally, we removed chloroplasts and extrinsic domains or unclassified ASVs from the data set (for details see Online Resource 1).
Habitat quality
Fixed area plots are a common sampling method in forest inventories (Scott 1998) . For each group, 10 square plots (2 5 × 25 m) within the corresponding home range were randomly selected and all trees with a larger diameter than 5 cm were identified to the species level and the diameter at breast height (DBH) was measured (for details see Online Resource 1).
For estimating habitat quality, we examined feeding tree characteristics of each home range. We compared density, species richness, and sizes of a total of 6690 feeding trees belonging to 77 different species. These species were consumed during 67 ± 4% SD of time during groups' foraging bouts. Identification of feeding tree species is based on behavioural observations from June 2016 until March 2018 and comprises 539 h of observed feeding.
Statistical analyses
GLMMs: group size effects on ranging patterns and fGCM concentrations We applied generalized linear mixed effect models (GLMMs) (Baayen et al. 2008 ) from the lme4 package (version: 1.1.21) (Bates et al. 2015) in R (version3.5.1) (R Core Team 2018), to test whether group size and group size-squared or group ID affect monthly averaged measures of DTDs, home range sizes, and individual fGCMs. We included study year (first or second), food availability, temperature differences (Δ temperature), and sex (for fGCM models only) as fixed effects to control for ecological and social influences. Food availability was based on monitoring monthly phenology of 690 trees throughout the study period. We used a semi-quantitative method (Fournier 1974) in which the availability for each plant part (i.e. leaves, fruit, flowers) was scored, ranging from 0 (complete absence) to 4 (maximum abundance) (for details, see Koch et al. 2017 ). Δ temperatures describe the average monthly differences between daily minimum and maximum temperatures. We also examined interactions between group size and group size-squared with food availability and Δ temperatures in all respective models, to investigate group size effects on behavioural and physiological adaptations to seasonal changes. To keep type I error rates at the nominal level of 5%, we included random slopes (Barr et al. 2013) . p values for individual effects were based on likelihood ratio tests comparing the full with the respective null models using the drop1 function (Barr et al. 2013 ). If models resulted in significant effects of group ID, we conducted Tukey post hoc tests using the glht function of the package multcomp (version 1.4-10).
GLMMs: group size effects on activity patterns
To examine effects of group size or group ID on mean monthly foraging and resting rates, we calculated binomial models with beta error distribution structures and a logit link function using the glmmTMB package (version 0.2.3) (Brooks et al. 2017) . Response variables (foraging and resting rates), predictors (group size or group ID, food availability, Δ temperatures), control variables (study year), random effects (group and animal ID), and random slopes (group size, food availability, Δ temperatures, and study year within group and animal ID) were included the same way as described above. We conducted full-null model comparisons and estimations of pvalues as described above. Models resulting in significant effects of group ID were further analysed by comparing predicted marginal means using the lsmeans function of the package emmeans (version 1.3.3).
In all statistical analyses, our measure of group size comprised all present individuals, including adults (age > 4 years), juveniles (age < 4 years), and dependent infants (age < 9 months) (Kappeler and Fichtel 2012 ). Yet, especially dependent infants may require and consume considerably less energy compared with juveniles and adults. As this could have important implications for how group size affects fGCM concentrations, activity, and ranging patterns, we re-ran all statistical analyses with a second measure of group size that excluded dependent infants (Online Resource 1, Tables S14-S18). However, we did not find differences in model outcomes when using these two different measures of group size.
Moreover, we examined correlations between group sizes and core areas. As home range sizes were highly correlated with core areas (Pearson, r = 0.987; n = 22; p < 0.001), we only considered home range sizes in our main analyses but added analyses on core areas to Online Resource 1 (Tables S19-S20, Fig. S3a, b) .
GLMMs: correlations among fGCMs, activity, and ranging patterns
We additionally examined potential links between individual monthly fGCMs with ranging and activity patterns by applying two GLMMs as described above. We ln-transformed the response value (fGCMs) and included DTD or HR and foraging or resting rates as predictor variables. We included food availability as control variable. Monthly Δ temperatures were correlated with DTD and HR (Pearson: DTD/ΔTemp, r = − 0.82, n = 22, p < 0.001; HR/ΔTemp, r − 0.55, n = 22, p < 0.001, Fig. S4c, d ), which is why we excluded them from the model. Group and animal ID were utilized as random effects; and DTD or HR, foraging or resting rates, and food availability as random slopes within group and ID, respectively.
ANOVA/Kruskal-Wallis: differences in habitat quality For comparing feeding tree characteristics (i.e. density, species diversity, and basal areas of all feeding trees) between the habitats, we conducted one-way ANOVAS or Kruskal-Wallis tests. Significant results were further analysed with Tukey tests using the glht function of the package multcomp (version 1.4-10) or with Dunn's pairwise post hoc tests (Bonferroni correction) using the package FSA (version 0.8.22), respectively.
See Online Resource 1 for more details on all statistical analyses.
Results
Ranging patterns
Verreaux's sifakas inhabited home ranges with a monthly average size of 15 ± 7 ha (mean ± SD) and travelled on average 954 ± 234 m per day. The model examining effects of group size, food availability, Δ temperatures, and study year on home range sizes was significant (χ 2 = 43.492, df = 9 p < 0.001, R 2 m/c = 0.23/0.79); however, group size was not correlated with home range size (Table S1, Fig. 1a ). The second model, including group ID instead of group size as predictor variable, was also significant (χ 2 = 31.173, df = 6, p < 0.001, R 2 m/c = 0.70/0.72) (Table S2 , Fig. 2a ), indicating that groups differed significantly in their home range sizes. Specifically, groups M and L had larger and group J had a smaller home range compared with the other groups (Table S5) . Results of both models revealed that home range sizes were negatively correlated with food availability and Δ temperatures, which are smallest during the months of the wet season (Table S1 , S2, Fig. S1a,  b) .
The model examining effects of group size, food availability, Δ temperatures, and study year on daily travel distances was significant (χ 2 = 65.410, df = 9 p < 0.001, R 2 m/c = 0.70/ 0.82). There was an interaction effect with DTDs and Δ temperatures, i.e. during the dry season when Δ temperatures are increased, larger groups had shorter DTDs than smaller groups (test of the interaction between Δ temperatures and group size, χ 2 = 6.623; df = 1; p = 0.010) ( Table S3 ). The model including group ID instead of group size as predictor variable was also significant (χ 2 = 76.405, df = 9, p < 0.001, R 2 m/c = 0.77/0.81) (Table S2 , Fig. 2a ) and groups differed significantly in their DTDs. Groups M and L covered longer distances than groups J and F, while group J additionally had shorter DTDs compared with all groups except F1 (Table S5 ). In addition, DTDs were negatively correlated with food availability and Δ temperatures, which are smallest during the months of the wet season (Tables S3, S4 , Fig. S1a, c) .
Daily activities
Verreaux's sifakas spent on average 47 ± 20% (mean ± SD) of their time resting and 45 ± 20% foraging. The model examining effects of group size, food availability, and Δ temperatures on monthly foraging rates was not significant (χ 2 = 7.379, df = 5, p = 0.194) ( Table S6 , Fig. 1c) . In contrast, the model including group ID instead of group size as predictor variable was significant (χ 2 = 21.997, df = 8, p = 0.005) ( Table S7 , Fig.  2c ), as group F1 and G had shorter foraging durations than several other groups (Table S10) . Foraging rates were negatively correlated with Δ temperature, i.e. animals spent less time foraging during seasons with larger daily temperature changes, i.e. during the dry season (Table S7 , Fig. S1a, d) .
The model examining effects of group size, food availability, and Δ temperatures on monthly resting rates was not significant (χ 2 = 6.195, df = 5, p = 0.288) (Table S8 , Fig. 1d ), while the model including group ID instead of group size as predictor variable was (χ 2 = 21.615, df = 8, p = 0.006) ( Table S9 , Fig. 2d ). Groups differed significantly in resting durations with groups F1 and G resting shorter than several other groups (Table S10) . Resting rates were positively correlated with Δ temperature, i.e. animals spent more time resting during seasons with larger daily temperatures changes, i.e. during the dry season (Tables S9, Fig. S1a, e) .
Faecal glucocorticoid metabolites
On average, individuals had mean monthly fGCM concentrations of 0.326 ± 0.181 μg/g (mean ± SD). Males had generally higher average fGCM concentrations (0.360 ± 0.174 μg/g) than females (0.276 ± 0.181 μg/g) (Table S11, S12). The model examining effects of group size, food availability, Δ temperatures, study year, and sex on monthly fGCM concentrations was significant (χ 2 = 51.406, df = 10, p < 0.001, R 2 m/c = 0.20/0.36); however, group size was not correlated with FGCM concentrations (Table S11 , Fig. 1e) . The model including group ID instead of group size as predictor variable was also significant (χ 2 = 55.800, df = 10, p < 0.001, R 2 m/c = 0.21/ 0.32), but groups did not differ in fGCM concentrations (Table S12 , Fig. 2e ). Sifaka's fGCM concentrations were positively correlated with food availability and Δ temperatures, i.e. which are largest during the dry season (Table S11, S12, Fig. S1, f, g ).
Correlations among fGCMs and activity and ranging patterns
The models on links between individual monthly fGCMs with DTDs and foraging rates or HRs and resting rates were both highly significant (DTD + foraging, χ 2 = 20.210, df = 2, p < 0.001, R 2 m/c = 0.13/0.29; HR + resting χ 2 = 18.981, df = 2, p < 0.001, R 2 m/c = 0.14/0.31). More precisely, DTDs and HRs were negatively correlated with fGCMs, while time spent resting was positively correlated. Foraging rates were not correlated with fGCMs (Tables S22, S23 , Fig. S5 ).
Parasite richness
After subsampling, 33 of 520 samples were removed due to low read numbers. The remaining 487 faecal samples contained 6587 eukaryotic ASVs and 24.764.794 reads. A total of 2947 of all ASVs could be taxonomically assigned and belonged to nine phyla: Opisthokonta (1288), Archaeplastida (730), Alveolata (628), Rhizaria (194), Amoebozoa (116), Stramenopiles (36), Hacrobia (10), Apusozoa (3), and Excavata (2). In terms of nematodes, 3 different families known to contain parasitic species were present in the samples: Trichostrongylidae, Onchocercidae, and Oxyuridae (Fig. S2 ).
All individuals repeatedly tested PCR-positive for infestation with nematodes of the family Trichostrongylidae (486/ 487 samples). Additionally, in 33 samples from 26 individuals representing all study groups, nematodes of the family Oxyuridae appeared at least once (n = 21) and up to three times (n = 5) during both dry seasons. Another 32 samples of 18 individuals were positive for filarial nematodes of the family Onchoceridae. However, parasites of this family are Group size Fig. 1 
Habitat quality
Groups' habitats differed in food tree density (Kruskal-Wallis, χ 2 = 25.723; df = 6; p < 0.001) and species richness (ANOVA, F 6,59 = 2.34; p = 0.043); however, these differences were not related to group size (Pearson: food tree density, r = − 0.287, n = 7, p = 0.533; species richness, r = − 0.080, n = 7, p = 865). For tree densities, post hoc Dunn's test revealed that the habitat of group M harboured significantly more trees than the habitats of groups G, J, and L. Food tree richness only differed between habitats of groups M and J, with M having a higher richness (Table S15 ; Fig. 3 ). We found no differences in food tree sizes among the different habitats (Kruskal-Wallis: basal area, χ 2 = 4.642; df = 6; p = 0.590) (Fig. 3) .
Discussion
In this study, we examined behavioural and physiological consequences of group size variation in wild Verreaux's sifakas. None of our measures, i.e. daily travel distances, home range sizes, foraging rates, resting rates, fGCM concentrations, and parasite richness, was correlated with group size. We detected some variation in habitat quality between groups, but this variation was unrelated to group size as well. The most important factor influencing behaviour and physiology in Verreaux's sifakas seems to be seasonality, which we operationalized via food availability and temperature differences. Altogether, our results indicate that group size on its own is insufficient to explain links between sociality and aspects of health in this lemur population.
Group size, daily activities, and habitat quality
According to the ecological constraints hypothesis, withingroup food competition should increase in larger groups and be compensated via two key strategies: (i) longer travel distances and (ii) increased foraging durations (Chapman and Chapman 2000; Pollard and Blumstein 2008) . Here, we did not find group size-related differences in ranging and activity patterns. Relying on a mainly folivorous diet, food competition may be reduced in Verreaux's sifakas compared with more frugivorous species (Janson and Goldsmith 1995; Koenig 2002) . Larger groups seem not to be affected by higher costs of intra-group food competition, and smaller groups do not seem to suffer from higher costs of between-group competition. The latter notion is further supported by findings of an earlier study of the same population showing that outcomes of intergroup encounters are unrelated to group size (Koch et al. 2016) . Additionally, similar fGCM concentrations across all study groups indicate no need for compensation of energetic disadvantages resulting from variation in group size. Considering that Verreaux's sifakas form relatively small groups, food competition might also not be strong enough to significantly affect individual energy budgets. We found, however, variation in habitat quality and varying ranging patterns and daily activity among some groups. Intergroup differences in ranging behaviour have been linked to differences in local food distribution before (Caraco 1979; Altmann and Muruthi 1988; Isbell 1991; Bronikowski and Altmann 1996) , and studies in baboons and three Neotropical primates revealed changes in movement patterns as a response to different habitat features (McLean et al. 2016; Strandburg-Peshkin et al. 2017 ). Yet, variation in habitat quality does not seem to explain different ranging and activity patterns among our study groups. For example, group M's habitat had a higher density and richness of food trees compared with group J. Hence, group M's habitat might be of better quality, which should result in reduced energetic costs due to decreased travelling and foraging efforts. Yet, group M had higher daily travel distances than group J, while there was no difference in foraging or resting rates between these two groups. It is possible that this intergroup variation could be related to locations of key food patches within the groups' habitats. While food abundance within the habitats seems sufficient to provide all groups, suboptimal distributions of preferred food trees might require some groups to travel farther then others within their home ranges. However, we did not determine exact locations of food resources and can therefore not evaluate this hypothesis. interquartile ranges and small circles beyond whiskers indicate outliers.
Highlighted graphs indicate significant differences among groups. Different letters indicate significant differences in means, i.e. groups sharing at least one letter do not differ
Group size, seasonality, and fGCMs fGCMs are often used as indicators of energetic trade-offs individuals face when living in groups (Markham and Gesquiere 2017) . Life in smaller and larger groups is supposed to inflict higher energetic costs on individuals (Chapman and Chapman 2000) . However, average concentrations of fGCMs did not differ with variation in group size in our study population. As none of the other measures (i.e. parasitism, ranging, and activity patterns), which might induce such energetic trade-offs, varied with group size either, these results are conclusive. Since sifaka groups did vary in ranging and activity patterns without varying in fGCM concentrations, they appear to be able to apply behavioural adaptations to environmental and/or social challenges without suffering major energetic disadvantages independent of their group size. Notably, individual fGCM concentrations were strongly affected by seasonal variation in temperature differences and food availability. Ecological and behavioural season, however, are tightly interwined in sifakas, as the birth season falls into the middle of the cool dry season and mating season takes place around the peak of the hot wet season (Kappeler and Fichtel 2012) . Thus, female reproductive state and increased energetic demands for males during the mating season (Fichtel et al. 2007 ) represent likely confounding factors for glucocorticoid outputs. Additionally, climatic season and unpredictability are more pronounced in Madagascar than in many other tropical regions (Dewar and Richard 2007) . In Kirindy Forest, food availability is closely linked to seasonality and known to affect sifakas' diet, daily activities, and ranging patterns Koch et al. 2017) . In sum, as individual variation in GC production is determined by various metabolic, social, and environmental stressors, it can be difficult to identify effects of single variables (Huber et al. 2003; Foerster and Monfort 2010) .
Interestingly, ranging patterns where negatively correlated with fGCM concentrations. This finding stands in contrast to the assumption that energetically demanding behaviours, like periods of increased locomotion, are reflected in increased GC secretions (Sapolsky et al. 2000; Beehner and Bergman 2017) . Both measures were correlated with seasonal changes; yet, while ranging patterns decreased with food availability and increased with temperature differences, fGCM concentrations showed opposite correlations. This suggests that Verreaux's sifakas reduce ranging activities to cope with the increased energetic requirements of thermoregulation during the middle of the dry season, when minimum and maximum temperatures differ most strongly and can fall to 3°C (Kappeler and Fichtel 2012) . These energetic requirements appear to result in increased fGCM concentrations and are potentially fortified by the low food availability during this season. The negative correlation between ranging patterns and fGCMs highlights the complexity of fGCMs patterns and emphasizes the potential of confounding factors in studies of fGCMs. In addition, we could show, similar to numerous studies in other vertebrates (Romero 2002) , that sifaka's monthly fGCMs changed simultaneously with behavioural and seasonal patterns.
Group size and parasites
We detected three families of nematodes, two (Trichostrongylidae and Onchocercidae) of which have been previously reported in the same study population (Springer and Kappeler 2016 ) and one (Oxyuridae) which has been previously reported in the same species but different population (Rasambainarivo et al. 2014 ). Contrary to our predictions, there was no correlation between group size and intestinal parasite richness. Larger groups are expected to harbour more different parasites due to more opportunities for direct or indirect transmission via social contact or shared environments . Although parasites are socially transmitted in Verreaux's sifakas (Springer and Kappeler 2016) , our study animals exhibited low parasite richness, which was prevalent in almost all individuals, making it difficult to determine the mode of transmission. Hence, the costs of sociality in terms of parasite spread could not be estimated in this species.
Seasonality affected the prevalence of Oxyuridae, as they were only detected in samples collected during the dry season, confirming earlier results (Springer and Kappeler 2016) . The dry season in Kirindy Forest represents an energetically demanding period as reflected in sifakas reduced ranging patterns and increased fGCM concentrations. It is likely that animals are more susceptible to parasites due to impaired and energetically costly immune functions during this time (Sheldon and Verhulst 1996) . Given the complexity of hostparasite interactions, the effects of host group size on parasite richness might depend on various other aspects of sociality, species-specific behaviours, and environmental factors that can affect contact and, therefore, transmission rates (Patterson and Ruckstuhl 2013) .
So far, only a handful of studies have used metabarcoding to non-invasively assess intestinal parasites in animals (Wimmer et al. 2004; Tanaka et al. 2014; Avramenko et al. 2015; Srivathsan et al. 2016 ). This novel approach can facilitate differentiation among closely related species within the same sample and, nowadays, constitutes a faster, cheaper, and more precise method in comparison with many traditional analyses (Aivelo et al. 2018) . Accordingly, this approach allowed us to detect a parasite (Oxyuridae) that has not been found in this population before by studies using conventional microscopic methods (Springer and Kappeler 2016 ).
An optimal group size?
Major costs and benefits of group living are generally linked to predators, pathogens, and resource competition, which ultimately affect individual well-being. Variation in group size reflects adaptations to local ecological conditions and represents one strategy of balancing the various advantages and disadvantages of group living. However, if, for various reasons, groups exceed their upper or lower "optimal" limits in size, the costs of sociality are expected to outweigh the benefits, and groups should, therefore, split or fusion with others (Majolo and Huang 2018) .
In Verreaux's sifakas, even though groups are small with a population-wide average of 6 individuals (Jolly et al. 1982; Sussman et al. 2012; Leimberger and Lewis 2015) , they varied up to 5-fold in size in our study. Yet, we did not detect substantial group size-related behavioural or physiological differences between individuals. Maybe not all assumed major costs and benefits of group living apply to this species. For example, predation risk does not seem to strongly impact Verreaux's sifakas' group sizes as another population in Berenty Reserve, where terrestrial predators are absent (Jolly 2012) , exhibits a similar mean and variance in group size (Jolly et al. 1982; Norscia and Palagi 2008; Kappeler and Fichtel 2012) . Additionally, due to their small groups and mainly folivorous diet, competition over food should play a less important role in shaping group size. Like other folivorous taxa, sifakas are expected to form much larger groups than they actually do. The leading hypothesis for this "folivore paradox" invokes social (i.e. male takeovers and infanticide risks) instead of ecological factors as the main constraint on group size (Treves and Chapman 1996; Steenbeek and van Schaik 2001) . Thus, in Verreaux's sifakas, and perhaps other folivorous species in general, group sizes appear to remain below the upper, ecologically "optimal" limits because social rather than ecological factors define these limits. This notion may explain why we did not detect any of the group size-related costs, proposed by the ecological constraints and optimal group size hypotheses. Our findings on between-group variation in daily activities and ranging patterns suggest that differences in microhabitat features shape fine-grained behavioural adaptations. However, these behavioural differences were not reflected in groups' fGCM concentrations and parasites richness, indicating that all groups, independent of their size, can compensate potential habitatrelated challenges without causing health-related costs. An optimal group size might, therefore, not exist in Verrreaux's sifakas.
Conclusions
This study contributes to the understanding of the relationship between group size, health, and ecology in vertebrates. We show that group size on its own might be insufficient to explain links between sociality and health, probably due to the complex and multifaceted nature of this relationship. We also demonstrate strong impacts of environmental factors on socioecological traits that might obscure patterns in the socialityhealth nexus. Altogether, our results do not support predictions of the ecological constraints hypothesis and the optimal group size hypothesis as they may only hold true for species limited in group size by ecological factors-a condition that may not apply to the majority of folivorous mammals.
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